Abstract-The impact of photonic crystal (PhC) slabs on the light extraction from heavy inorganic scintillators is reviewed. It is shown by means of simulations with a scattering-matrix algorithm that a PhC slab does change the extraction properties of the scintillator in a positive way; in particular, it permits the extraction of photons that hit the exit surface at an angle that is larger than the angle of total reflection of a plain surface. By combining these results with results from LITRANI simulations on ,the light propagation in scintillators, a model is developed that allows for calculating the light collection efficiency "1L of a scintillator with PhC coupling face. It is shown that such a scintillator can exhibit a gain in TIL of up to 100% relative to a scintillator with plain exit surface.
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I. INTRODUCTION O NE of the key problems in the development of next-. , generation particle physics experiments and medical imaging systems is the optimisation of the energy resolutioñ E and the timing resolution~t of the detectors. Both parameters are influenced by the statistical fluctuations of the number of photoelectrons N pe registered after a particle has deposited its energy in the scintillator. Typically, N pe is expressed as Npe[pe/MeV] == qeff . LY == qeff . TJL . LYabs, (1) where qeff is the effective quantum efficiency of the photodetector, LY the light output of the scintillator, and LYabs its absolute light yield. The light collection efficiency 'r}L == LY/LY abs 'summamzes the impact of all processes which lead to losses during the transport of the scintillation photons from the product{on point to the active region of the photo detector, as e.g.: absorption and scattering in the crystal bulk, absorption and diffusion at enveloping materials, and mismatch of the refractive indices of scintillator, optical coupling, and photo detector. Especially in tiny detector crystals with small aspect ratio, "7L is small and a large fraction of the emitted photons is lost during the transport to the photo detector. This increases the statistical fluctuations of the light output and therefore, deteriorates !).E and !).t.
In the past years, micro-and nanostructurization of materials This work was performed in the framework of the Crystal Clear Collaboration.
has found widespread interest as a tool to overcome the problem of total internal reflection, which is a major source of losses in high refractive index materials. A rather novel technique is the improvement of light extraction from light-emitting and -transmitting media by means of photonic crystals (PhCs), i.e. media with a periodic modulation of the dielectric constant E [1] , [2] . In an earlier publication [3] , the basic effects of a PhC on scintillator light extraction have been reviewed. The present work evaluates the impact of various structural parameters of a PhC on light extraction and presents a simple approach with which the effect of the PhC on "7L can be evaluated for a given scintillating crystal. Thereby, the main focus of the study is on the two heavy inorganic scintillators LuYAP and LYSO that have been used in the dedicated PET systems ClearPET and ClearPEM developed by the Crystal Clear Collaboration [4] , [5] .
II. MATERIALS AND METHODS
An optimisation of TJL by a PhC structure requires knowledge of: a) the angular distribution of the scintillation photons incident on the PhC slab, b) the dependence of the PhC transmission on the incidence angle of the photons, and c) the recurrence probability of the reflected photons, Le. the probability that a photon that is reflected or deflected back into the crystal bulk arrives again at the exit surface. Furthermore, it has to be taken into account that scintillation photons are not emitted at a single w~velength but over a range of wavelengths due to the broadening of the electronic states by the crystal field; an optimisation of the PhC can therefore only be achieved if the transmission of the PhC slab is sufficiently high over the whole emission range or' the scintillator.
A. Simulation of PhC transmission
The transmission of the PhC exit surface was calculated by applying the scattering matrix method of Tikhodeev et al. [6] and adapting it to the current problem. The simulated model structure (Fig. 1) consists of an LYSO or LuYAP type substrate, a PhC slab consisting of a regular pattern of air holes, and a layer of grease. The refractive index of grease, ngrease, was set to 1.47. For the substrate, refractive indices nsub of 1.82 and 1.94 were used to simulate LYSO and LuYAP, respectively. All materials were assumed to be ideally transparent, Le. with an extinction coefficient k equal to zero. The dependence of the PhC slab transmISSIon on the incidence angle ()i is depicted in Fig. 3 . As indicated in This however changes when A becomes close to a. In this case, the periodic modulation starts to act on the photons and the transmission properties of the slab change significantly: at small incidence angles, the transmission is now reduced whereas non-zero transmission is observed at angles larger than the total reflection angle Otot of a plain exit surface, which is about 50°and 55°for the current configuration and LuYAP and LYSO, respectively. In our context, especially this latter point is significant as a large fraction of the scintillation photons hit the exit surface at an incidence angle B i that is larger than the angle of total reflection B tot [3] .
As the results presented before indicate, a tuning of a PhC structure for the use as scintillator exit surface requires consideration not only of the behaviour of the slab at one single angle of incidence but the behaviour over the The dependence of the transmISSIon on filling factor f, slab thickness d, and bulk refractive index nbulk is depicted in Figs. 4 to 6 for two incidence angles (B i == 0°and Oi == 60°). Clearly, all three parameters strongly affect the transmission properties of the slab. Moreover, it is apparent that a change of parameters often has opposite effects on the transmissions at small and large incidence angles; in other words, the change of a parameter to a value for which the transmission is increased for small Oi often leads to a reduction of the transmission at large (}i, and vice versa.~~x photons, the lattice constant a of the PhC was normalized to A and the ratio a / A was varied. In each run, between 85 and 151 plane waves were simulated. These numbers were found to be sufficient for assessing the principal optical properties of the material. Two different polarization states of the wave were considered: for S polarized waves, the electric field of the incident wave is oriented parallel to the x-y plane, whereas for P polarized waves, the magnetic field of the incident wave is parallel to the x-y plane. Finally, the overall transmission of a specific structure at incidence angles 0i between 0°(normal incidence) and 90°was determined by averaging, per Oi, over
B. Determination of the angular distribution of incoming photons
The angular distribution of the photons arriving at the exit surface of the scintillator was determined with the light ray tracing program LITRANI [7] . The simulated setup comprised a LuYAP or LYSO crystal enveloped in a reflecting material, a ,,-source with E-y == 662 keV to generate the scintillation photons, a photomultiplier (PMT) with fused silica entry window, and a slice of grease. To achieve a realistic modelling of the photon propagation in the scintillator, all relevant optical parameters were taken from laboratory measurements of real LYSO and LuYAP samples [8] . The photo absorption and Compton scattering coefficients of LYSO and LuYAP were taken from the NIST database [9] . As the emphasis of the work was on the light extraction potential of the scintillatorPhC assembly, the reflector was assumed to be purely specular with a reflectivity of 100%. The scattering length Ascat of LuYAP and LYSO was assumed to be 0.1 and 1.6 times the absorption length Aabs, respectively, according to the results presented in [10] . the losses at fh < B tot are at least to a part compensated by photons with (}i > B tot that are extracted by the PhC slab.
A relatively simple method to evaluate the impact of a PhC on "lL is calculating the number of extracted photons for a 'best-case' model. This model is based on the following assumptions:
1) Qabs of the crystal is independent on the wavelength A.
2) no scattering in the crystal (Qscat == 0) 3) a lossless PhC bulk material (k == 0) 4) the number of photons reflected into one direction,
Nr((}i) is equal to the number of incident photons in this direction Ni(B i ) minus the number of transmitted photons, i.e. Nr(B i ) == (1 -t)Ni(B i ). t = t((}i) denotes the transmission of the PhC slab at a given incident angle and depends on a/A.
The assumptions quoted above have several consequences. Assumption (1) means that the absorption characteristics of These considerations concern only those photons which are transmitted at first incidence at the PhC slab. However, as noted before it is also necessary to account for the photons that are reflected back into the scintillator to fully assess the light extraction potential of the scintillator-PhC system. These backreftected photons can be extracted during their next incidence onto the PhC slab, and therefore are likely to contribute significantly to 1]L. Unfortunately, it is not straightforward to calculate the probability of recurrence, due to the splitting of the reflected waves into several harmonics by the PhC slab and the change of the propagation direction by scattering in the crystal bulk and by diffusion at the enveloping material. A precise determination of TJL of a scintillator with corrugated exit surface is therefore a complicated task and probably only achievable by combining a plane wave expansion method with a light ray tracing program such as LITRANI. Moreover, such a program has to account for possible absorption in the PhC bulk material itself. As the plot shows, the nanopatterned exit surface has a reduced transmission at angles below the angle of total reflection B tot , and the total number of photons transmitted in this angular region is clearly smaller than that observed for a plain exit surface. However, the plots also show that whole range of possible B i . In particular, the transmission properties of the PhC slab have to be optimised on the angular distribution of the photons incident at the PhC slab so that as many of the incident photons as possible become extracted. The choice of a perfect reflector ensures that photons can only be absorbed by the bulk. Therefore, the probability Pre (fh) that a reflected photon recurs at the exit surface is only determined by I and the absorption length Aabs (3) reflected photons. This does not necessarily mean that the splitting itself is neglected but that the various harmonics produce an angular distribution that resembles the angular distribution of the reflected waves before incidence at the exit surface.
Under these assumptions, the total transmission per unit of where Nine denotes the number of photons incident on the exit surface and N tot the total number of photons produced during the scintillation process.
periodic corrugation of the exit surface changes the extraction properties of the scintillator; in particular, it allows to extract photons that hit the exit surface under an angle that is larger than the angle of total reflection of a plain surface. Calculating the number of extracted photons using a simplified model shows that a scintillator with PhC exit surface has a higher 1]L compared to a scintillator with plain exit surface. This increase is only evident when the photon wavelength )... is of the same order as the lattice constant a of the PhC. as determined by the model presented above, is significantly higher than that of the plain exit surface. In fact, the majority of the photons that arrive at the exit surface become extracted and rJL becomes close to the theoretical limit 1]L,max given by
The figures indicate that rJL exhibits a steep rise at the transition from the homogeneous to the photonic regime. In the photonic regime, 1]L remains at a relatively constant high level and only small variations with a/A are observed. This is mainly a consequence of the high recurrence rate of the photons which makes the number of extracted photons per unit of angle only weakly dependent on the transmission t(Oi). The gain in 1]L observed at a/)... == 0.8 is significant and amounts to~50% -70% for LuYAP and 80% -100% for LYSO relative to the homogeneous regime.
As noted before, the values determined by the idealized model should only be seen as what can be possible in terms of light extraction improvement, i.e. as an upper limit for 1]L. Nevertheless, it can be assumed that the model serves well in indicating which combinations of scintillators and PhC structures are promising in terms of light extraction and which not.
IV. CONCLUSIONS
In this paper, the impact of photonic crystal (PhC) slabs on the light extraction from high-f media have been discussed. Simulations with a scattering-matrix algorithm show that a
